Degenerate plasmas, in which quantum effects dictate the behaviour of free electrons, are ubiquitous on earth and throughout space. Transitions between bound and free electron states determine basic plasma properties, yet degeneracy effects on these transitions have only been theorised. Here, we use an x-ray free electron laser to create and characterise a degenerate plasma. We show that degeneracy acts to restrict the available energy states, thereby slowing the rate of bound transitions. We couple degeneracy and bound electron dynamics in an existing collisional-radiative code, which agrees well with observations.
Degenerate plasmas, in which quantum effects dictate the behaviour of free electrons, are ubiquitous on earth and throughout space. Transitions between bound and free electron states determine basic plasma properties, yet degeneracy effects on these transitions have only been theorised. Here, we use an x-ray free electron laser to create and characterise a degenerate plasma. We show that degeneracy acts to restrict the available energy states, thereby slowing the rate of bound transitions. We couple degeneracy and bound electron dynamics in an existing collisional-radiative code, which agrees well with observations.
Many properties of dense plasmas, such as the degree of ionisation, stopping powers, and the transport of energy are shaped by electron transitions involving the free electron continuum. These transitions not only define the basic plasma properties such as the level of ionisation, but the light emitted from these transitions (the emission spectrum) is arguably the most widely used plasma diagnostic. Knowledge of the rates of these transitions is paramount in predicting the behaviour and correctly interpretating emission spectra of high-energydensity (HED) matter found throughout the universe and in HED laboratories worldwide.
In classical plasmas, the number of free electron states in the continuum is unbounded and thermal free electrons obey Maxwell-Boltzmann (MB) statistics. This description allows for a straightforward inclusion of free electrons in a multitude of theoretical treatments, including ionisation and recombination. However, this assumption is not valid in plasmas where the free electrons are governed by quantum effects (degeneracy). Quantum mechanics limits the available electron states at a given energy level through the exclusion principle, resulting in the thermal free electrons obeying Fermi-Dirac (FD) statistics. A consequence of the exclusion principle is that fully occupied states cannot accept additional electrons (Pauli blocking). Therefore, degeneracy influences electron transitions to or from the continuum by both shaping the free-electron distribution and blocking transitions to occupied states.
This simple description of the free electrons by FD statistics holds true for an idealised, homogenous system and remains useful for understanding phenomena in more complex systems, including plasmas composed of low-Z elements. However, this picture can diverge strongly for dense plasmas of high-Z elements with more complex electronic structures. Arguably the most successful treatment of quantum effects for the free electrons of arbitrary elements is density functional theory (DFT) [1] . DFT has traditionally been applied to ground-state condensed matter systems, yet in recent years it has been used for the treatment of HED plasmas, highlighting the overlap between the condensed matter and degenerate plasma phase [2] [3] [4] . These phases co-exist in myriad HED scenarios, such as collapsing stars [5, 6] , the compression phase of inertial confinement fusion (ICF) plasmas [7] , shock compressed plasmas [4] , the centres of large planets [8] and the early stages of all high intensity optical or x-ray laser interactions with solids [9, 10] . Furthermore, degenerate plasmas can exist at any temperature, provided the electron density is sufficiently high.
However, the explicit calculation of processes involving bound and free electrons plus photons for a multitude of electronic levels required for many HED and astrophysical applications is not tractable within the framework of DFT. Collisional-radiative (CR) codes [12] , initially designed for hot, low-density plasmas, are the tools of choice for these situations. However, CR codes usually do not treat degeneracy of the free electrons. A tractable method for including free-electron quantum effects in these codes is pivotal in bridging the gap between the often co-existing condensed matter and plasma phases.
In this Letter, we present x-ray fluorescence spectro-scopic measurements of a degenerate solid-density aluminium plasma to elucidate free electron degeneracy effects on atomic transitions. The measured fluorescence spectra show marked differences to those predicted by models using a classical MB treatment of the free electrons. We show that by correcting the rates of atomic processes in a CR code using FD statistics to account for degeneracy, a good match with the data be found, but only when using a differential cross-section peaked at low energy. The effects of degeneracy accentuate the effects of different cross-section profiles, making them experimentally distinguishable. Theoretical treatments predict a substantial (several orders of magnitude) reduction of the rates of collisional ionisation and recombination with increasing degeneracy, yet experimental confirmation is so far lacking [11] [12] [13] . To test these predictions, the rate of collisional ionisation or recombination must be measured in a plasma of known degeneracy. Experimentally, this presents a significant challenge: first, collisional ionisation of solids requires temperatures well above those in the degenerate regime at solid density, making a transient non-equilibrium measurement necessary, and second, the level of degeneracy (electron temperature and density) must be well defined during the measurement.
The intensities and pulse durations now available at xray free electron laser (XFEL) facilities have naturally led to the creation of plasma states with well defined temperatures and densities from solid targets [14, 15] . Uniquely, the ultrashort nature of XFEL pulses (typically <100 fs) and tuneable photon energy allow the x-ray fluorescence signature of the plasma to be measured before significant changes in the ion density occur (due to target expansion) [16] . Similar techniques have facilitated the measurement of ionisation potential depression [3, 17, 18] , collisional rates [19, 20] , saturable [21, 22] and reverse-saturable [23] x-ray absorption, and x-ray opacities of solid density plasmas [24] . The XFEL pulse can be tailored to create a small population of high energy electrons to drive ionisation in an otherwise degenerate plasma background, while simultaneously providing the XFEL induced fluorescence spectrum characteristic of the level of ionisation, making it an ideal tool for investigating degenerate plasmas.
We use the Linear Coherent Light Source (LCLS) XFEL [25] and the Matter in Extreme Conditions instrument [26] to deliver pulses of 37 µJ in energy, 35 fs in duration at full-width-at-half-maximum, with a photon energy of 3 keV, to heat solid foils of aluminium of 300 and 600 nm in thickness. The XFEL beam is focussed with a stack of beryllium lenses to a spot of about 25 µm in diameter. The pathway of XFEL-induced fluorescent emission starts with the absorption of an incoming photon of E XF = 3 keV, exciting a K -shell electron at a binding energy of E K ≈ 1560 eV to an energy of E XF − E K ≈1440 eV (where K, L and M correspond to the first, second and third electrons shells, respectively). The subsequent filling of the K -shell hole occurs via an L-shell electron relaxing to the vacant K -shell hole. In aluminium, this L to K shell transition releases an energy of E LK ≈ 1485 eV and results in the emission of an Auger electron at an energy of
L is the binding energy of the L−shell electron. Auger emission accounts for about 96% of the recombination events, leaving two holes in the L-shell. The other 4% of recombination events relax via the emission of a photon, and these photons constitute the measured fluorescence spectrum.
The fluorescence of the photo-ionised solid density plasma was recorded using an x-ray spectrometer with a 001 orientation Rubidium Hydrogen Phthalate (RAP) crystal of 100 µm thickness places on substrate a 5 cm radius of curvature that focussed the fluorescent emission onto an x-ray detector. An aluminium filter of 1.6 µm thickness was used at the spectrometer entrance to reject optical light. The spectral resolution of the system was ∼ 1 eV. More than 100 shots were accumulated for each measurement. To infer the plasma conditions, the XFEL spot profile was measured using imprints of the ablation pattern for a range of fluence values (F-scan) as shown in Fig.1a [27, 28] . This measurement, when combined with an XUV emission spectrum measurement shown in [2] , allowed us to confirm a peak electron temperature of ∼12 eV in the hottest, central region of the plasma (R1 in Fig.1a ). Since the total pulse energy is spread over a much larger region, we divide the plasma into ten concentric volumes, each of which absorb the same number of XFEL photons (we select regions R1, R4, R7 and R10 for clarity, shown in Fig.1a) .
The absorption of XFEL photons results in a population of high energy photoionised and Auger electrons with energies of ∼ 1.4 keV, that will be referred to as hot electrons. The electrons that constitute the cold-solid free electrons remain thermalized, and will be referred to as the bulk electrons. To estimate the degeneracy of the bulk electrons, as characterized by Θ = µ/k B T e , where µ is the chemical potential of the plasma and T e the bulk electron temperature, we must model the temperature as a function of time. The bulk electrons (and hence the degeneracy) are initially unaffected by the XFEL photons, and heat up only after a time delay relative to the XFEL pulse. We define this delay as the difference in time between the XFEL pulse and bulk electron heating, meaning a time delay of zero would correspond to instant thermalisation of the XFEL energy into the bulk electrons. We have used delay times in our calculations which approximately agree with recently reported thermalisation times of XFEL generated hot electrons in silicon [29] .
The time evolution of the bulk electron temperature within a selection of the volumes labelled R are shown in Fig.1b for two separate time delays, 20 fs and 40 fs. De- tails of the bulk electron temperature calculations are reported elsewhere [2, 30] . The corresponding hot electron density is shown as function of time in Fig. 1c . Modelling of the bulk electron temperature shows that the plasma remains degenerate throughout the XFEL pulse (as T e < E F , where E F ≈ 12 eV is the Fermi energy of aluminium at room temperature). The XFEL radiation, bulk electron temperatures and hot electron densities in Figs.1b and 1c are used as input into a CR code to model the fluorescence spectrum, as discussed later.
The bulk electrons never reach a temperature sufficient to cause appreciable ionisation of the L-shell. On the other hand, the hot electrons can repeatedly collisionally ionise the L-shell until their energy is below that of the ionisation threshold. Ultimately, the energy of the hot electrons is transferred to the bulk electrons, leading to increased T e (see Figs. 1b and 1c) . Ionisation of the Lshell by the hot electrons causes a reduction in screening and increased K -shell binding energy, resulting in K α fluorescence at higher photon energies. These photons are referred to K α satellites, and are directly related to the number of vacancies in the L-shell at the time of photon emission, irrespective of the exact electron configuration in the L-shell. For the satellites to be observed in the measured spectrum, holes in the L-shell must be present at the time the fluorescent L to K transition takes place.
In this way, the fluorescent emission spectrum reflects the L-shell vacancies present only within the temporal envelope XFEL pulse.
To quantify the degeneracy effect on atomic rates, a correction factor, CF , is defined as the ratio of the atomic rate including degeneracy, A F D , to that without degeneracy,
The CF values are calculated following theoretical frameworks presented elsewhere, and are plotted as a function of degeneracy, Θ, in Fig. 2 (see caption for details) [11] [12] [13] . The two processes dominating the number of L-shell vacancies in time are collisional ionisation (CI) and its inverse process, threebody recombination (3BR), which are shown as dashed and solid curves in Fig. 2 , respectively. The range of CF values corresponding to the plasma conditions at the peak of fluorescent emission for charge states V and VI (∼ 60 fs) for heating delays of 20 fs and 40 fs are indicated in Fig. 2 by dash-dot lines with arrows.
Calculating the rate, A, of a collisional process requires integrating the product of the electron distribution, f e (E), and the cross-section, σ(E), for that process (A ∝ σ(E)f e (E)dE) over electron energy E. As the rates depend on the choice of the cross-section, σ(E), we explore the effect of several cross-section models on the values of CF for comparison. The correction factor can then applied straightforwardly to the classical MB rate as CF × A MB , for a given level of degeneracy, Θ. First we calculate CF for several collisional ionization cross-sections commonly used in CR codes, namely BC [31] , BCF [20] and Lotz [32] which are shown as the shaded green curve for 3BR and dashed green for CI curves in Fig. 2 . These expressions give values for total cross-sections as a function of energy E of the ionizing electron. Calculating CF for a degenerate electron distribution requires knowing the differential cross-section as a function of both (outgoing) electron energies, as separate blocking factors apply to these electrons. However, models or experiments of such differential cross sections for degenerate plasmas are absent. The green curves in Fig.  2 assume the differential cross-section for each value of E is flat, i.e. independent of the energy of the outgoing electrons. These three cross-sections then yield similar values of CF . A simplified total cross-section with a 1/E dependance provides a good approximation while simplifying the calculation of CF considerably. We refer to this as the analytical cross-section, and the corresponding values of CF are shown in red in Fig. 2 . Using the analytical cross-section results in values of CF roughly an order of magnitude lower than the BC, BCF and Lotz values. This is due to the strong weighting of the analytical cross-section (1/E) on lower electron energies, where the differences between the FD and MB distributions at low temperatures are maximised and where blocking factors become important.
In the present study, the collisional ionisation is driven by the hot electrons that have energies orders of magni- 
The correction factor for the collisional rates, CF , plotted against the plasma degeneracy Θ = µ/kB Te, from the classical to the degenerate regime, for an electron density of 1.8×10 23 cm −3 and varying bulk electron temperature Te. Values of CF are shown for three-body-recombination (3BR) (green shaded curve) and collisional ionisation (CI) (dashed green curve) for three commonly used cross sections for an electron transition of energy dE >> Te (details in text). CF values for the analytical cross sections are shown for threebody-recombination (solid red curve) and ionisation (dashed red curve). The range of values for CF for the two heating delays used in this model are marked (black dash-dot lines with arrows).
tude greater than the Fermi energy. After the collision, the ionised and scattered electrons are therefore born at energies for which Pauli blocking is negligible. Conversely, three-body recombination occurs through the degenerate bulk electrons relaxing to vacant bound states. Therefore, the degeneracy correction to the collisional ionisation by hot electrons is negligible (CF = 1) and we can isolate the dominant process affected by degeneracy as three-body recombination. Contrary to collisional ionisation cross-sections, models or measurements of threebody recombination cross-sections are greatly lacking and its shape is not accurately known. Consequently, the three-body recombination cross-section must be approximated from the collisional-ionisation cross-section through the principle of detailed balance [33] .
Two XFEL induced K -shell fluorescent spectra for target thicknesses of 300 nm and 600 nm are shown in Fig.3  (black solid and dashed lines) . A negligible difference between the normalised spectra of both thicknesses is found, showing that the plasma is optically thin for the range of photon energies shown in Fig.3 . The three peaks IV, V and VI visible in Fig.3 correspond to the fluorescent (L to K ) transitions with one, two and three L-shell vacancies, respectively. Qualitatively, the appearance of satellites in the spectra signify that there are L-shell holes present at the time of fluorescence, which occurs during the XFEL pulse. To quantitatively compare our measured spectrum with theoretical predictions, we use the timedependant non-local-thermodynamic-equilibrium (non-LTE) CR code SCFLY [34] [35] [36] , which includes effects of both degenerate and non-thermal electron distributions. SCFLY has shown to be a robust tool for the analysis of similar experiments, albeit at higher temperatures [3, 16, 17, 19, 20, [22] [23] [24] .
Evolving a non-thermal free electron distribution that is fully self-consistent with all of the atomic processes is beyond the scope of this Letter. Instead, we approximate the shape of the hot electron distribution in time to be in broad agreement with other studies [37, 38] , and define a hot electron density that conserves the energy balance between the XFEL pulse, bulk, and hot electrons. The non-thermal distribution is shaped to capture the main features of the hot electron energy distribution, and consists of a peak at ∼1410 eV representing the photo and Auger electrons from the XFEL pulse, and a smaller (∼ 10% of the main photo-peak) peak at 2.9 keV that represents the L-shell electrons photoionised by the XFEL pulse. The electrons born at these energies then relax by losing their energy in ∼70 eV steps due to collisional ionisation of the L-shell. We note that the Kα emission spectrum is insensitive to the exact shape of the hot electron distribution. As the total change in electron density is minimal, the spectra are insensitive to the ionisation potential depression model used [3, 17, 18] . The bulk electron temperature (Fig.1b) , hot electron density (Fig.1c) and distribution are input into SCFLY for every time-step.
Spectra calculated using SCFLY with MB and FD statistics and different cross-section models are shown in Fig. 3 (shaded curves) . The spectra using classical MB statistics in Fig. 3 (blue shaded curve) show a cold IV peak, and a negligible V peak that do not agree well with the experimentally observed spectra. A standard interpretation of the ratio of the satellite intensities suggests a plasma with an average electron temperature of T e ≈ 20 eV. This disagrees sharply with the average T e of a few eV's from energy deposition measurements in Fig.1 , and a peak T e ≈ 13 eV obtained from soft x-ray emission spectra [2] . Having tested a range of time delays and cross-sections, we could not obtain good agreement with the data when using MB statistics. As the spectra of hot aluminium plasmas have been shown elsewhere [16] to be well reproduced by SCFLY in the classical regime, the discrepancy between the experimental data and spectra calculated assuming classical statistics here shows that reconsidering the rates in the degenerate regime is essential.
Adding the correction factors for the common cross sections (BC, BCF and Lotz) to the collisional rates in SCFLY produces more prominent satellites and a much improved fit to the data (Fig. 3 shaded green curve) . Although a good match to the data is still lacking with these corrections, the main effect of decreased three-body recombination rates is evident from the increased prominence of the Kα satellites. As the three-body recombination rate is suppressed, the L-shell holes persist longer than they would in the absence of degeneracy, causing more prominent satellite peaks. Since these crosssections have performed well in classical plasmas, we then apply the values of CF calculated using the analytical approximation to these rates in SCFLY. This yields a good fit to the data, in which the difference between spectra calculated using the cross-sections and delay times lie within the error of experimental data. Although the 1/E shape of the analytical cross-section is an approximation, these results strongly suggest that correction factors for three-body recombination are better approximated with cross sections favouring lower electron energies.
In conclusion, we have used the simultaneous pumpand-probe method [16] to create and diagnose a degenerate solid density aluminium plasma with an XFEL. We have shown that the resulting fluorescence spectrum is not reproduced with standard treatments that assume a classical MB free-electron distribution. By adding degeneracy corrections, CF , to the collsional rates in SCFLY, we demonstrated a good fit to the data when using crosssections peaked at low electron energy. We identified the driving factor that causes differences between the calculated MB and FD spectra to be the lowered threebody recombination rate in this study. This work has shown experimentally that degenerate plasmas exhibit behaviour that differs significantly from classical predictions. The method of using correction factors to the rates is applicable to any collisional-radiative code. The results here will lead to a more accurate understanding and greater control of a wide variety of degenerate and non-equilibrium HED states.
